After uptake into target cells, many non-enveloped viruses undergo conformational
INTRODUCTION 1 2
One of the crucial steps in virus infection is the transfer of the viral genome from 3 within the protective capsid through a hostile environment in endocytic vesicles into the 4 cytosol of the host cell. This process is aided by amphipathic peptides that become exposed 5 during viral uncoating (26). In the case of enveloped viruses, such sequences insert into the 6 lipid bilayer causing lipid mixing and fusion of viral and cellular membranes (13, 15) ; as a 7 result, the viral core enters the cytoplasm without ever being exposed to the outer world. In 8 naked viruses, exposure to low pH and/or contact with a receptor similarly leads to exposure 9 of amphipathic protein domains. However, as these viruses lack a membrane, fusion cannot 10 occur and polypeptides are rather believed to form a channel through the lipid bilayer, thus 11
connecting the viral interior with the cytosol. Alternatively, polypeptides might disrupt the 12 membrane altogether (38) . In the first case, it is assumed that viral nucleic acids travel 13 through this pore into the cytosol whereas empty capsids remain in endosomes and are 14 shuttled to lysosomes for degradation. In the case of membrane disruption, entire subviral 15 particles arrive in the cytoplasm where they are further dismantled into nucleic acids and 16 proteins. It is not clear whether pore formation and disruption are mutually exclusive or just 17 reflect two extremes of the same membrane destabilizing mechanism. 18
Isolated amphipathic viral proteins and derived synthetic peptides destabilize and 19 disrupt lipid membranes in vitro (12, 41, 43) . However, in the context of a virion, proteins act 20 as oligomers with a defined stoichiometry dictated by icosahedral symmetry of the viral shell. 21
This necessarily affects their mode of action on membranes; therefore, results from 22 experiments with isolated viral peptides alone must be interpreted with caution. Although 23 suggestive, it has not yet been explicitly proven that peptides and/or hydrophobic stretches of 24 capsid proteins could line a channel through the lipid bilayer thus shielding the charged 25 nucleic acids from the apolar lipids. 26
Aiming at analysing genome transfer from naked virions through lipid membranes in 27 vitro, we used human rhinovirus type 2 (HRV2) as a model. HRVs, the major cause of the 28 common cold (24), belong to the genus Enterovirus within the large family of Picornaviridae. 29
They possess a single stranded (+)RNA genome of approximately 7.1 kb in length enclosed in 30 a 30 nm capsid made from 60 copies of each of the four proteins VP1, VP2, VP3, and VP4. 31
Minor receptor group viruses, such as HRV2, bind low-density lipoprotein receptor (LDLR), 32 very-LDLR, and LDLR related protein (LRP) for infection (17, 25) ; they enter the cell by 33 clathrin-dependent receptor-mediated endocytosis (36). On arrival in early endosomes, the 34 on January 13, 2018 by guest http://jvi.asm.org/
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Buffers. RT buffer was prepared by mixing 30 µL reverse primer (10 µM), 15 µL 23 dNTP mix (all dNTPs at 10 mM), 60 µL fivefold RT first strand buffer, 15 µL recombinant 24 RNasin, 15 µL SuperScript III® reverse transcriptase, and 165 µL nuclease free water. 25
Reaction (RE) buffer was 50 mM Tris-HCl (pH 8.3), 80 mM NaCl. TBSC was 25 mM HCl (pH 7.5), 150 mM NaCl, and 10 mM CaCl 2 . 27 28 Virus and receptor. HRV2 was prepared and its concentration and purity assessed as 29 described (16, 31) . MBP-V33333, the recombinant concatemer of five copies of repeat 30 number 3 of human very-low density lipoprotein receptor (VLDLR) fused to MBP at its 31 N-terminus and to a his 6 -tag at its C-terminus was produced, purified, and folded as described 32 (27, 34) . Briefly, E. coli DH5α1 carrying the expression plasmid for his 6 -tagged MBP-33 V33333 were grown to A 600 =0.7 in LB medium (Roth, Karlsruhe, Germany) and protein 34 on January 13, 2018 by guest http://jvi.asm.org/ Downloaded from expression was induced with 0.3 mM IPTG (Peqlab) at 30ºC. Bacteria were harvested by 1 centrifugation and broken by ultrasonication on ice. Cell debris was removed by 2 centrifugation and MBP-V33333 was batch-purified over Ni 2+ -NTA beads (Qiagen). The 3 slurry was washed with 10 mM imidazole in TBSC followed by elution with 250 mM 4 imidazole in TBSC. The sample was extensively dialyzed against TBSC. One mM cystamin 5 and 10 mM cysteamin were added and folding allowed to proceed at 4 ºC for 2 days. The 6 sample was concentrated in a Centricon (Centriprep, Millipore) tube to 2.4 mg/ml as 7 determined in a Nanodrop (Peqlab) instrument. 8 9 Instrumentation. Spin size-exclusion chromatography (spin SEC) was carried out in 10 a pore size 0.45 µm obtained from Szabo-Scandic, Vienna, Austria) using 10 µL aliquots of the 4 liposome suspension on 0.9 mL Sephadex columns in RE buffer as described (7, (40) (41) . 5
Liposomes collected from the exclusion volume (40 µL) corresponded to 170 nmol total lipid 6 of purified nanocontainers. Triton X-100 (final concentration 1%) and amplified via PCR (23); two min at 95 °C 20 followed by 60 cycles of 45 seconds at 95 °C, 45 seconds at 60 °C, 2 min at 72 °C, with a 21 final elongation step of 10 min at 72 °C. PCR products were analyzed by electrophoresis on a 22 1% agarose gel (0.5x TAE buffer). Gels were scanned and bands quantified with ImageJ 23 (http://rsb.info.nih.gov/ij/). Where flotation was used prior to qPCR, the fraction recovered 24 from the step gradient (about 1 ml) was incubated for 1 h at 37 o C as above to allow for 25 cDNA synthesis. The resulting cDNA was recovered by ethanol precipitation using glycogen 26 (40 µg) as a carrier. The qPCR was performed by activation at 95 °C for 2 min followed by 27 45 cycles of amplification at 95 °C for 15 seconds and 60 °C for 1 min. Standard curves were 28 generated from in vitro transcribed viral RNA, using 4 serially diluted RNA standards per 29 curve. These showed good linear correlation (R 2 =0.998). 30 nanocontainers. Additionally, the material was inspected by negative stain transmission 10 electron microscopy (TEM). As additional control, nanocontainers (with or without receptor 11 decoration) were incubated with virus and acidified at room temperature. After re-12 neutralization, they were separated from excess unbound virus by flotation at 4 o C, recovered 13 and incubated at 37 o C to allow for cDNA synthesis as above. 14 15
Leakage determination. Leakage of Atto 637 from liposomes was assessed as 16
described (41). Briefly, the dye was encapsulated at 11 µM in 50 mM Na-borate, pH 8. In vivo, uncoating of HRV2 occurs in late endosomes (32). Nanocontainers were thus 4 prepared from a lipid mixture similar to the composition of endosomal membranes (18, 39) 5 and to liposomes previously used in virus/membrane interaction studies (7, 10, 42) . To allow 6
for attachment of his 6 -tagged recombinant receptors, DOGS-NTA was incorporated into 7 membranes. We found that 10 mol % of this lipid were necessary for his 6 -tagged receptors to 8 remain firmly attached during subsequent purification and incubation steps. Replacement with 9 the trivalent DOGS-trisNTA (2) reduced receptor loss at lower lipid concentrations but also 10 led to substantial aggregation (data not shown); therefore, only DOGS-NTA was used in all 11 following experiments. Liposomes were prepared in a buffer containing all components for 12
RT. This mixture became enclosed in the liposomal lumen giving rise to nanocontainers. With 13 the aid of such nanocontainers we intended to follow the RNA transfer of the HRV2 genome 14 through the liposomal membrane. 15
In Fig. 1 , the different (in part hypothetic) steps in viral RNA transfer through lipid 16 membranes in vivo (Fig. 1A ) and in vitro ( pH for conversion into subviral particles than free virus. Therefore, in order to keep the 31 concentration of free receptor low (to avoid formation of virus-receptor complexes in 32 solution), it was used at a molar ratio of about 0.01 with respect to Ni 2+ -NTA groups 33 (assuming that 50% of the NTA groups are found on the inner leaflet). Additionally, NC+R 34 on January 13, 2018 by guest http://jvi.asm.org/ Downloaded from samples were subjected to flotation. After ultracentrifugation, HRV2 was added to the pooled 1 fractions with highest fluorescence, at a virus to lipid ratio of 1.85 x 10 -6 , and incubated for 1 2 h to allow for viral attachment. The pH was brought to 5.4 to trigger viral uncoating (see 3 scheme in Fig. 1B(ii) ), aliquots of the acidified complexes were removed after different 4 incubation times, directly adsorbed to carbon-coated copper grids, and stained for TEM. 5
Imaging clearly showed a time-dependent conversion of native virions to empty capsids ( intermediates (early after acidification) and empty capsids (later after acidification) on the 20 surface of liposomes by negative stain TEM we asked whether the RNA lost from the virions 21 was transferred into the lumen of the nanocontainers. To exclude that RT occurs in the outside 22 medium, removal of not-encapsulated reverse transcriptase and RT reaction components via 23 spin SEC was important. Thereby, only RNA transferred through the lipid bilayer into the 24 lumen of the nanocontainers would be detected via cDNA synthesis by the encapsulated 25 reverse transcriptase and subsequently be amplified by PCR (see scheme in Fig. 1B(iii) ). 26
Flotation of NC+R+V samples could be omitted as only those virions uncoating in close 27 vicinity of the nanocontainers would be able to transfer their RNA into the nanocontainers 28 and result in amplified DNA. Nevertheless, as an additional control we also subjected 29 nanocontainers to flotation after triggering RNA transfer. The cDNA synthesis was then 30 allowed to proceed in these purified nanocontainers by incubation at 37 o C (see below). 31
Receptor-decorated nanocontainers were incubated with virus and uncoating was 32 triggered by acidification for 15 min, the time where most of virus had been converted into 33 empty capsids (see Fig. 2 ). Analysis for the presence of cDNA demonstrated that on 34 on January 13, 2018 by guest http://jvi.asm.org/ Downloaded from acidification, viral RNA indeed arrived in the nanocontainers (Fig. 3A, lane 1) . No signal was 1 apparent when incubation with the acidic buffer (Fig. 3A, lane 2) , or HRV2 (Fig. 3A, lane 3 ) 2 was omitted, excluding amplification of contaminating nucleic acids. Furthermore, no signal 3 was seen when the nanocontainers were permeabilized with detergent prior to receptor 4 decoration (Fig. 3A, lane 5) demonstrating that RT reagents leaking out of nanocontainers are 5 too dilute for cDNA synthesis to occur outside the vesicles. To exclude an influence of the 6 detergent on the enzymatic activities, an RT/PCR reaction on in vitro transcribed viral RNA 7 was run in the presence (Fig. 3B, lane 1) and in the absence of 1% Triton X-100 (Fig. 3B,  8 lane 2) giving rise to bands with essentially the same intensity. This excludes that addition of 9
Triton X-100 reduces the signal and definitely shows that the nanocontainers must remain 10 intact for the RT-reaction to occur. 11
The signal in Fig. 3A , lane 6 emphasizes the importance of spin SEC to remove excess 12 reagents. Apparently, upon acidification, substantial quantities of viral RNA are shed into the 13 medium and only part of it arrives in the lumen of the nanocontainers. In the presence of 14 undiluted RT mixture outside of the nanocontainers cDNA synthesis occurs. 15
Unexpectedly, cDNA synthesis also occurred upon incubation at pH 5.4 when no 16 receptor was present (Fig. 3A, lane 4) . Apparently, structural changes of the virion close to 17 the bare lipid membrane result in viral attachment via externalized amphipathic sequences 18 followed by RNA transfer. This is in agreement with low but consistent infection of receptor-19 negative cells by A-particles of the closely related poliovirus (11). However, as shown below, 20 when free virus was removed by flotation of the nanocontainers prior to triggering RNA 21 release with low pH buffer, the assay was completely dependent on the presence of receptor. 22
As additional control, nanocontainers were incubated with virus and RNA-transfer into the 23 lumen was triggered via incubation at pH 5.4 as above. However, the lipid vesicles were then 24 separated from free virus and eventually released subviral particles by flotation at 4 o C. The 25 nanocontainers recovered from the sucrose step gradient were subsequently incubated at 37 o C 26 to allow for reverse transcription. Synthesized cDNA was quantified by qPCR. As seen in 27 Fig. 3C , viral RNA had arrived in the nanocontainers where it remained during the separation 28 step. Assuming 100% recovery from the step gradient, in the case of on average 3.5 virions 29 per nanocontainer (see also below), roughly 1 RNA molecule out of 400 virions made it into 30 the lipid vesicles. This is based on the difference (about 2.6 logs, see Fig. 3C ) between RNA 31 released by acidification of the same amount of virus (i.e. control incubation in the absence of 32 nanocontainers) and that recovered from the nanocontainers. For an average of 0.7 virions per 33 nanocontainer, this value was even around 60. This is in the same order of magnitude as the 34 ratio between non-infectious physical particles and infectious virions observed in vivo 1 (between 24 and 240, ref. (1) and 2210 and 6500, ref. (20)). It is noteworthy that the signal 2 was consistently higher for the sample subjected to flotation. A control experiment excluded 3 that cDNA synthesis was modified by the sucrose present in the gradient fraction (data not 4 shown). The lower signal could be due to leakage when excess virus and/or subviral particles 5 remained in the sample during the incubation at 37 o C (see below). Taken together, all these 6 controls confirm that cDNA is only synthesized when viral RNA is transferred through the 7 lipid membrane into the aqueous lumen without disruption of the nanocontainers. 8 9
Co-flotation of virions and nanocontainers depends on the receptor. 10
Nanocontainers with and without receptors were incubated with virus and subjected to 11 flotation. Fractions were taken from the top of the sucrose step gradient. Nanocontainer-12 containing fractions were determined via fluorescence measurements, and the concentration 13 of infectious virus was determined as TCID 50 by an endpoint dilution assay (8). Additionally, 14 the material was examined by negative stain TEM (Fig. 4C and D) . In the presence of 15 receptor, most of the virus attached to nanocontainers (Fig. 4A) . On the sucrose step gradient 16 the complex was marginally shifted towards lower density when compared to nanocontainers 17 without receptor. At a ratio between virus and nanocontainers 10 times higher, this peak shift 18 was substantial (Fig. 4B) , indicating a sensible increase in the density of the nanocontainers 19 when carrying virus. Examination of the peak fractions by TEM showed about 3 virions 20 attached per nanocontainer (Fig. 4C ) in the case of the low virus concentration (calculated 21 virus / lipid ratio of 1.4 x 10 -6 ). At a 10 fold higher virus / lipid ratio substantial aggregation 22 was observed (Fig. 4D) . When nanocontainers without receptor were incubated with virus and 23 subjected to flotation, most of the infectivity remained in the high density fraction at the 24 bottom of the step gradient (Fig. 4A) . No cDNA synthesis was seen after acidification of the 25 sample lacking receptor (pool of fractions 5 -9; squares), whereas a clear signal was 26 observed in the sample of the nanocontainers carrying receptors (pool of fractions 5 -9; 27 triangles), and consequently virus (see inset in Fig. 4A) . of about 10 -6 ; at higher virus concentrations, the cDNA signal diminished again (Fig. 5) . 2 Weiss and colleagues previously showed that HRV2 induces leakage of low molecular 3 weight dye from the liposomal lumen in a concentration-dependent manner (41). Therefore, 4 substantial leakage, starting around a virus to lipid ratio of 10 -5 (corresponding to roughly 10 5 virions per liposome), counteracts cDNA synthesis by releasing the components of the reverse 6 transcriptase reaction into the outside medium where they are being diluted to a degree that 7 does not allow the RT reaction to proceed (data obtained with receptor-decorated liposomes 8 as described in ref. (41) are also shown in Fig. 5 for comparison) . Under the same conditions, 9 but using liposomes without receptor, similar leakage effects were observed (data not shown). 10
As stated above, the lack of a stimulating effect of the receptor might be explained by the 11 multivalent nature of the binding impeding movements of viral capsid proteins with respect to 12 each other (29), thus inhibiting the structural changes necessary for exposure of amphipathic 13 domains. The stabilization of the virus might thus counteract the virus-concentrating effect of 14 the receptor and explain the slightly increased RNA transfer signal observed in the absence of 15 the receptor (Fig. 3, lane 4) . 16
Transfer of the nucleocapsids of enveloped viruses via membrane fusion is relatively 3 well understood (13, 15). Much less is known on the release of genomic nucleic acids of non-4 enveloped animal viruses and in particular, on viruses containing a single stranded RNA 5 molecule (3, 14, 38) . It is not only ignored what unwinds and drives the highly structured 6 RNA through a pore opened in the viral capsid but also its transit through cellular membranes 7 is enigmatic. For the latter step, essentially two mechanisms have been discussed; the RNA 8 enters the cytosol either by disrupting the (endosomal) membrane, or via a pore in the lipid 9 bilayer, presumably lined by viral proteins. Invariably, the hydrophobic/amphiphilic peptides 10 and/or stretches of viral capsid proteins present in these viruses and becoming accessible upon 11 exposure to low pH or contact with receptors, are involved in destabilization of the 12 membrane. In the case of HRV2, it is unequivocally established that the low endosomal pH 13
initiates the structural changes of the virion (28) that lead to irreversible exposure of 14 N-terminal sequences of VP1 and release of VP4 that both play a role in RNA transfer into 15 the cytosol (12, 41, 43) . 16
In this report, we established an assay for the detection of the passage of the viral 17 RNA through a lipid membrane that closely mimics the process occurring in vivo. This was 18 possible by incorporating reverse transcriptase, together with all components required for 19 cDNA synthesis, in the lumen of liposomes. Only RNA arriving in these nanocontainers can 20 be transcribed into cDNA, providing the template for the following PCR reaction used for its 21 detection. This experimental setup allowed us to demonstrate a strict dependence of RNA 22 transfer on exposure of HRV2 to low pH. 23
On the one hand, we observed that the signal reflecting the amount of RNA arriving in 24 the nanocontainers was dependent on the viral concentration. However, upon exceeding a 25 threshold that marked detectable leakage of a fluorescent dye from similar liposomes as 26 demonstrated previously (41), the signal diminished again. We interpret this behaviour as 27 indication for loss of the components of the reverse transcriptase mixture from the 28 nanocontainers and their dissipation in the outside medium. They thereby become too dilute 29 to sustain RT of the viral RNA. In conclusion, at low virus concentrations exposure to acidic 30 pH, as occurring in vivo inside endosomes, the viral RNA accesses the cytoplasm via a pore. 31
Conversely, at high concentrations, the viruses disturb the lipid membrane to an extent that 32 results in leakage. This strongly suggests that in vivo, the RNA, at least in the case of the 33 minor receptor group virus HRV2, is transferred through a pore. 34
As seen after flotation of nanocontainers in a sucrose density gradient, either bare or 1 decorated with receptors, RNA transfer was dependent on the presence of the receptor. When 2 absent, the virus failed to attach and did not co-migrate upon ultracentrifugation; 3 consequently, acidification did not result in cDNA production. However, when bare 4 nanocontainers were not separated from the virus by centrifugation, we observed that the 5 receptor was dispensable for RNA transfer itself. This is in accordance with previous results 6 that showed that HRV2 dissociates from its receptor at the low pH in endosomes and that a 7 receptor without the ß-propeller domain, as used in our present experiments even stabilizes 8 the virus (19, 29) . When nanocontainers were mixed with virus, acidified, and then separated Ongoing studies will show whether RNA transfer is increased when virus dissociation 14 occurs more easily in the presence of the ß-propeller domain of the LDL-receptor. It is 15 noteworthy that subviral 135S particles of poliovirus are infectious although to a much 16 reduced degree (11). Therefore, the hydrophobic nature of the subviral particles might be the 17 main driving force for direct membrane interaction and the ensuing infection. 18
We shall also investigate whether major group rhinoviruses, such as HRV14 that bind 19 ICAM-1 instead of members of the LDL-receptor family, also transfer their RNA through a 20 pore in the endosomal membrane or rather access the cytosol via disruption of the membrane, 21 as suggested by co-internalization and dye release experiments (35). We believe that the 22 system presented in this report will be of general utility for the study of viral genome transfer 23 through membranes during infection with non-enveloped viruses and allow distinguishing 24 between pore formation and disruption. 25 indicated by (+) and (-), respectively. SEC, not encapsulated RT buffer was removed from the 7 nanocontainers via spin SEC; TX-100, nanocontainers were destroyed with detergent Triton 8 X-100 prior to decoration with receptor; MBP-V33333, the receptor was present on the 9 surface of nanocontainers; HRV2, virus was added; pH 5.4, the outside medium was brought 10 to acidic pH. B) In order to exclude inhibition of the RT/PCR reaction by TX-100, reverse 11 transcription and amplification were carried out by using in vitro transcribed viral RNA in the 12 presence (lane 1) and in the absence (lane 2) of the detergent. Note that the signal strength is 13 identical. C) RNA transfer into nanocontainers (without receptor decoration) was triggered as 14 in A), one aliquot was directly subjected to qRT/PCR and one was first subjected to flotation. 15
For comparison, the number of RNA copies released from virus into the medium on 16 incubation at pH 5.4 in the absence of nanocontainers is also depicted (HRV2 control). 17 of about 10 -6 (< 10 virions/nanocontainer); at higher ratios the cDNA signal decreases again. 5
RNA transfer was measured in three independent assays as in Fig. 3 
